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A new method has been developed to study the dissociation patterns of singly protonated
peptides by using a quadrupole ion trap mass spectrometer. The new approach involves using
boundary-activated dissociation to characterize the ease of dissociation of peptide ions. Insight
can be gained into the effect of specific peptide sequences on the dissociation energetics of
protonated peptides. Increased knowledge of the effects of specific sequences on the dissoci-
ation patterns of peptide ions should improve the ability to interpret complex spectra from
tandem mass spectrometry (MS/MS) experiments. This method has confirmed the previously
observed increase in the energy needed for the dissociation of peptide ions containing basic
residues. In addition, this technique has revealed the effect of the location of proline residues
on the dissociation energetics of peptides with this amino acid. (J Am Soc Mass Spectrom
1998, 9, 175–177) © 1998 American Society for Mass Spectrometry
Primary structure analysis of peptides by massspectrometry has received a great deal of atten-tion in recent years. Electrospray ionization (ESI)
[1], fast atom bombardment (FAB) [2], or matrix-as-
sisted laser desorption/ionization (MALDI) [3] in com-
bination with tandem mass spectrometry (MS/MS) [4,
5] has served as a very effective strategy for elucidating
peptide sequence [6–9]. Product ion spectra, however,
often are complicated by a number of peaks corre-
sponding to ions produced by dissociations at various
places in the peptide and are, therefore, difficult to
interpret. Understanding the effect of the amino acid
sequence on the energetics and mechanisms of ion
dissociation could be potentially very useful in inter-
preting product ion spectra. Wysocki and co-workers
[10–13] described an effective method that uses ESI
with surface-induced dissociation (SID) in a quadrupole
mass spectrometer to study the effects of amino-acid
sequence on the energetics of peptide ion dissociation.
Their method involves observing the fragmentation
efficiency of protonated peptides with respect to the
collision energy at which the SID is performed. The
fragmentation efficiencies are a measure of how easily a
peptide can fragment, and this information can be
related to the primary sequence of the peptide and
provide information on the effects of individual amino
acids on peptide dissociation.
We present here an approach using a quadrupole
ion-trap mass spectrometer to provide information sim-
ilar to that obtained in the SID experiments by Wysocki
and co-workers. In our method, ions are generated by ESI
and directed into a quadrupole ion trap where they are
stored. A peptide ion of interest is then isolated and
collisionally activated by the application of a dc pulse to
the ring electrode so that the ion’s Mathieu parameters (a
and q) are proximate to the boundary of the ion stability
diagram. The details of this experimental setup were
described elsewhere [14]. The application of the dc pulse
moves ions into regions of the quadrupole ion trap where
the rf restoring field is greater, causing them to accelerate
to greater kinetic energies and undergo energetic colli-
sions with the background gas (helium, 8.6 3 1024 torr).
This method of ion activation is termed boundary-acti-
vated dissociation (BAD) [15–20]. If enough internal en-
ergy can be deposited into the ion from energetic colli-
sions with helium before the ion’s trajectory becomes
unstable, the ion can dissociate and the product ions
formed can subsequently be detected with a normal
analytical scan.
A means of understanding this competition between
ion ejection and ion dissociation can be gained by consid-
ering the pseudopotential-well model of ion motion [21].
When an ion has a stable trajectory in the quadrupole ion
trap, it can be considered to be oscillating in a pseudopo-
tential well with a depth (Dz) given in eq 1 (for qz , 0.4).
Dz 5
qz
2mr2V2
32e
(1)
Address reprint requests to Gary Glish, Department of Chemistry, Kenan
Laboratories, CB #3290, University of North Carolina, Chapel Hill, NC
27599-3290. E-mail: glish@unc.edu
© 1998 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received October 20, 1997
1044-0305/98/$19.00 Revised November 5, 1997
PII S1044-0305(97)00281-X Accepted November 10, 1997
where m is the mass of the ion in kilograms, r is the
radius of the ring electrode in meters, V is the frequency
of the rf drive, and e is the fundamental unit of charge.
The depth of the pseudopotential well will describe the
maximum kinetic energy an ion can have and still have
a stable trajectory at a given qz value. A deeper well will
enable an ion to reach a higher kinetic energy and
undergo more energetic collisions with helium. More
energetic collisions with helium will deposit more in-
ternal energy into the ion and increase the probability
that the ion will dissociate before its trajectory becomes
unstable. Another factor that will affect the probability
of ion dissociation is the energetics of the particular
peptide ion dissociation mechanisms. A peptide ion
that has dissociation pathways that are more energeti-
cally demanding will require more energetic collisions
to induce dissociations before the ion is ejected. BAD
would have to be performed on this peptide at a higher
qz value to allow ion dissociation to compete favorably
with ion ejection.
Figure 1 shows the MS/MS efficiency [22] of two
peptides (YGGFL and YGRFL) as a function of the qz
value at which the dc pulse is applied to effect BAD.
There is a minimum qz value at which any dissociation
can be observed for each peptide. The curves in Figure
1 fit a second order polynomial as might be expected
based on the quadratic relationship of qz with Dz in eq
1. In this plot, the MS/MS efficiency for YGGFL is
extrapolated to zero at a qz value of 0.151. This qz value
corresponds to the well depth at which the protonated
species of YGGFL cannot accumulate enough internal
energy from collisions with helium to dissociate before
its trajectory becomes unstable. The peptide YGRFL has
an MS/MS efficiency of zero at qz 5 0.188, which
suggests that it must reside in a deeper pseudopotential
well for ion dissociation to compete with ion ejection.
The deeper pseudopotential well is consistent with
studies that show arginine containing peptides require
greater amounts of internal energy to dissociate [10–13,
23, 24].
The observation that the lowest qz value at which
BAD can be performed is related to the energetics of ion
dissociation enables the ease of peptide ion fragmenta-
tion to be characterized. In this way, the effect of
specific amino acid residues on the energetics of disso-
ciation can be studied. For the method based upon BAD
to be used and the lowest qz values for different
peptides to be compared, at least two factors need to be
considered. First, an increased number of degrees of
freedom (DOF) in a peptide will act to increase the qz
value needed to observe dissociation. An ion with more
DOF can distribute its internal energy over more vibra-
tional modes and, therefore, reduce its probability for
dissociation. Although it is not clear to what extent the
various vibrational frequencies interact, a simple cor-
rection for the DOF is to select some reference peptide
ion and divide its DOF by the DOF of the peptide ion of
interest. Second, the increased mass of an ion will act to
decrease the qz value needed to observe dissociation. A
more massive ion will have a deeper pseudopotential
well and can be, therefore, more kinetically excited at a
given qz (eq 1) before it is ejected. A greater magnitude
of kinetic energy will increase the probability for disso-
ciation. This effect can be corrected for by dividing Dz
for a given peptide by Dz of the reference peptide. An
effective qz value [qz(eff)] can now be calculated based
upon the above considerations (eq 2):
qz(eff)5qz(exp)S DOF(ref)DOF)pep)DSDz(pep)Dz(ref) D (2)
where qz(exp) is the lowest measured qz value at which
dissociation can occur, DOF(ref) and DOF(pep) are the
DOF of the reference peptide ion and the peptide ion of
interest, and Dz(pep) and Dz(ref) are the pseudopoten-
tial well depths of the peptide ion of interest and
reference peptide calculated from eq 1 for qz(exp).
In the calculations of qz(eff), leucine enkephalin
(YGGFL) was used as the reference peptide. Table 1
shows a compilation of the results obtained for a
number of peptides. A qz(eff) value greater than 0.151
[qz(eff) for YGGFL] indicates that the peptide ion is
more difficult to dissociate than leucine enkephalin, and
a value below 0.151 indicates that the peptide ion is less
difficult to dissociate than leucine enkephalin. Table 1
shows a few trends. Peptides that contain a basic
residue (Lys, Arg) are more difficult to dissociate than
those that do not. This trend was observed previously
[10–13, 23, 24]. Another trend that is not as dramatic as
the effect of the presence of basic residues is the
consequence of an internal proline in a peptide se-
quence. Replacing a glycine residue with a proline
residue in the peptides YGGFL and GGGG results in a
decrease in the effective qz value, suggesting a decrease
in the energy needed for ion dissociation [25]. When
proline is the N-terminal residue, however, the energy
needed for dissociation seems to increase. This effect
can be noted in the peptides PGG and PFL. The various
Figure 1. Plot of the MS/MS efficiency vs. qz value for YGGFL
and YGRFL. The points are experimental data and the curves
quadratic fits to that data.
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effects of certain amino acid residues on ion dissocia-
tion observed in these experiments compare qualita-
tively well with the results obtained by Wysocki and
co-workers [10–13]. Other amino acid effects are cur-
rently being investigated in detail [e.g., the variation of
qz(eff) as arginine is substituted at various positions
from the N terminus to the C terminus in penta-alanine
and other peptides).
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Table 1. Determination of qz(eff) from the lowest qz value at
which BAD can be experimentally performed, the degrees of
freedom, and pseudopotential well depth, for selected peptides
referenced to YGGFL
Peptide qz(eff) qz(exp) DOF
Dz
(eV)
YGGFL 0.151 0.151 229 19.6
YGLFL 0.153 0.154 264 22.5
YGWFL 0.160 0.154 282 25.2
YGPFL 0.141 0.147 243 20.0
YGSFL 0.165 0.154 234 21.5
YGRFL 0.284 0.188 276 35.9
YGGFLK 0.264 0.184 291 35.9
YGGFLR 0.287 0.188 297 39.0
LGGFL 0.171 0.160 219 20.1
FGGFL 0.148 0.152 225 19.3
FFFFF 0.117 0.138 306 22.3
AAAAA 0.119 0.140 156 11.4
RAAAA 0.296 0.191 195 26.0
ARAAA 0.314 0.195 195 27.0
AARAA 0.319 0.196 195 27.3
AAARA 0.310 0.194 195 26.8
AAAAR 0.324 0.197 195 27.6
GGGG 0.184 0.155 90 9.2
GPGG 0.168 0.153 111 10.4
RPPGFSPF 0.241 0.177 375 43.9
PPGFSPF 0.171 0.157 246 23.0
DRVYIHPF 0.206 0.168 435 45.8
GFL 0.110 0.138 144 9.9
PFL 0.165 0.159 165 14.7
GGG 0.218 0.164 69 7.9
PGG 0.260 0.178 90 11.3
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